The aim of the current study was to identify associations between pituitary lesions, body condition scores, and mesenteric lipomas in horses with insulin resistance. Necropsy examinations were performed following euthanasia in 30 adult horses designated as insulin resistant (n = 11) or insulin sensitive (n = 19). Insulin sensitivity was determined using the insulin-modified frequently sampled intravenous glucose tolerance test and resting insulin concentrations. At necropsy, mesenteric lipomas were measured. The pituitary and adrenal glands, pancreas, and liver were evaluated histologically; pituitary glands were scored based on published criteria. Insulin-resistant horses had significantly higher pituitary scores (p = 0.0035) and body condition scores (p = 0.0001), even when adjusting for age, and a greater frequency of mesenteric lipomas (p = 0.014) and greater lipoma area (p = 0.0332) than insulin-sensitive horses. Regardless of insulin status, horses with pituitary scores ≥3 (diffuse hyperplasia; n = 25) had higher body condition scores (p = 0.0313) and a greater frequency of mesenteric lipomas (p < 0.0002) than those with lower pituitary scores. High body condition score was not correlated to an increased frequency of mesenteric lipomas. Detection of higher pituitary scores in insulin-resistant horses suggested an association between insulin resistance and pituitary morphology. Horses in the insulin-resistant group and those with high pituitary scores had higher body condition scores and a greater frequency of mesenteric lipomas. These horses might be at increased risk for lipoma-associated colic.
Introduction
Insulin resistance (IR) is broadly defined as a decrease in tissue responsiveness to circulating insulin, resulting in decreased insulin-mediated glucose uptake into skeletal muscle, and adipose and liver tissues [1] . In horses, IR and obesity often occur concurrently; the increased insulin secretion that accompanies obesity can result in hyperinsulinemia, which exacerbates IR [2] [3] . Some horses and ponies in the early stages of IR are able to compensate by increasing pancreatic insulin secretion to maintain normoglycemia [4] . In these horses, insulin concentrations can increase dramatically after feeding, and as the condition progresses, fasting hyperinsulinemia develops. Diagnostic tests for IR include one-time measurement of fasting insulin concentration and measuring insulin sensitivity via the insulin-modified, frequently-sampled intravenous glucose tolerance test (FSIGTT) [5] . Fitting of FSIGTT data to a compartmental population model provides sensitivity to insulin (SI) values, which are then used to identify IR animals [6] .
Furthermore, in obese horses, an increase in mesenteric fat can predispose them to the development of mesenteric lipomas [7] . Mesenteric lipomas are common findings at necropsy and may be incidental or a cause of colic when they encircle the intestine and result in a strangulating lesion [8] . In humans, obesity has also been associated with increased oxidative stress and inflammation [9] . Similarly, in horses, increased levels of the acute phase protein serum amyloid A (SAA), which are indicative of systemic inflammation and oxidative stress, have been associated with both obesity and IR [10] . However, it is unclear if the increased SAA is a cause or effects of the obesity and IR. In addition, previous reports have associated IR with pituitary pars intermedia lesions [11] - [13] . Horses with pituitary lesions have been shown to have increased body condition scores (BCS) [14] .
Because both IR and pituitary pars intermedia dysfunction (PPID) can be associated with obesity, and since obesity can predispose horses to mesenteric lipomas, we aimed to characterize the associations between IR, post-mortem pituitary lesions, and obesity with mesenteric lipomas. Specifically, these factors are evaluated to determine whether they are associated with the presence and size of mesenteric lipomas.
Materials and Methods

Animals
The IR horses were part of an existing research herd at the University of Tennessee. Additional donated horses were screened for inclusion as insulin-sensitive (IS) horses. The study was approved by the University of Tennessee Institutional Animal Care and Use Committee.
Case Selection
The IR horses were previously designated as such based on a resting insulin of greater than 20 μU/mL and on the results of FSIGTT tests, as previously described [6] [15] . Briefly, plasma and serum samples were collected via an intravenous (IV) catheter into serum tubes containing sodium fluoride/potassium oxalate. Samples were collected at −10, −5, and 0 min relative to dextrose infusion, and values were averaged to obtain the baseline. An IV bolus of 50% dextrose solution (Vedco, Inc.) was then administered at a dosage of 150 mg/kg body weight. Blood glucose and insulin concentrations were measured at 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16 , and 19 minutes after dextrose infusion. A bolus of regular insulin (Humulin R, Eli Lilly and Co.; 30 mU/kg body weight) was administered IV at 20 minutes. Plasma and serum were subsequently collected at 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 90, 100, 120, 150, and 180 minutes. Sodium fluoride/potassium oxalate tubes were immediately cooled on ice, and serum tubes were allowed to clot at room temperature for 1 hour. Tubes were centrifuged at 1000 × g for 10 minutes, and plasma or serum was harvested and stored at −20˚C until analyzed. Plasma glucose concentrations were measured in duplicate using a colorimetric assay (Glucose, Roche Diagnostic Systems) on an automated discrete analyzer (Cobas Mira, Roche Diagnostic Systems). Serum insulin concentrations were measured in duplicate using a radioimmunoassay (Coat-A-Count Insulin, Diagnostic Products) previously validated for use with equine plasma in the authors' laboratory and by others [16] . Intra-assay coefficient of variation <5% was required for acceptance of glucose assay results, and <10% was required for acceptance of insulin assay results. Minimal model [2] parameters for insulin sensitivity (SI), glucose effectiveness (Sg), acute insulin response to glucose (AIRg), and disposition index (DI) were calculated as previously described [3] [17] using computer software (Stata 9.2, Stata Corp.; MinMod Millennium, version 6.10, Raymond Boston, University of Pennsylvania). Insulin resistance was defined by an SI value of less than 1.0 × 10
The group of IS horses was assigned by screening donated horses for insulin sensitivity based on a resting insulin of less than 20 μU/mL. All horses were euthanized by IV barbiturate (Beuthanasia D, Schering-Plough Animal Health) overdose.
Necropsy
Horses were necropsied immediately following euthanasia. At necropsy, the mesenteric lipomas were measured (length and width) and the area of each calculated. Since some horses had large numbers of lipomas, only the five largest mesenteric lipomas were measured. For each horse, the area of each lipoma was summed to obtain the total lipoma area. For horses without lipomas, the total lipoma area was 0. The liver, pancreas, pituitary, and adrenal glands were collected, fixed in formalin, and evaluated microscopically for any lesions. Pituitaries were sectioned, evaluated microscopically, and scored according to published criteria (1, normal, to 5, macroadenoma) [18] . From complete cross sections of both the right and left adrenals, the adrenal cortical and medullary thicknesses were measured with an ocular micrometer. The combined sums of the cortical and medullary thicknesses from each adrenal gland were used to determine the final corticomedullary ratio.
Statistical Methods
Summary statistics for continuous variables are reported as median and interquartile range. A t test and nonparametric Wilcoxon rank sum test were used to compare continuous (age, lipoma area, and corticomedullary ratio) and ordinal (BSC and pituitary scores) data, respectively, among IR and IS horses. The test statistic of Shapiro-Wilk was used to evaluate the fit of continuous variables to a normal distribution. Correlations among continuous variables were evaluated by the method of Pearson. A mixed-model ANOVA [PROC GLIMMIX] (SAS, version 9.2, SAS Institute) was used to evaluate the association of pituitary score with total lipoma area when adjusted for age. Lipoma area was included as the dependent variable and pituitary score and age as independent variables in the model. A logistic regression procedure was used to assess the effects of insulin resistance when adjusted for age on pituitary and body condition scores. Insulin resistance was included as a class variable in the model. Body condition or pituitary scores were included as the dependent variable and insulin resistance and age as independent variables. The fit of the ANOVA models to the data was evaluated by comparing the residuals to a normal distribution. A p-value <0.05 was used for statistical significance in all tests.
Results
The eleven IR horses were part of an existing research herd and were assigned as IR on the basis of an SI value <1.0 × 10 −4 L·min −1 ·mU −1 (Table 1) . History and physical examination findings for IR horses included regional adiposity, lameness, and hoof changes consistent with laminitis. Nineteen horses were deemed IS on the basis of a resting insulin <20 μU/mL ( Table 2 ). Summary data for the IR and IS horses are listed in Table 3 .
In both IS and IR horses, pituitary scores were positively correlated with increasing age (r = 0.56, p = 0.0013), but gender was not an association. When compared to IS horses (n = 19), IR horses (n = 11) had significantly higher pituitary scores (p = 0.0035) and BCS (p = 0.0001), even when adjusted for age. Significantly more IR horses than IS horses had lipomas (100% vs. 58%, respectively; p = 0.014), and IR horses had significantly higher lipoma area (p = 0.0332). Regardless of insulin status, the most common site for lipomas was the mesentery of the small intestine.
All horses with a pituitary score ≥3 were significantly more likely (p < 0.0002) to have lipomas than horses with lower pituitary scores, as all horses with high pituitary scores (≥3; 17/17; 100%; average age of 16.4 years) had lipomas, whereas only 5/13 (38%; average age 10.7 years) of horses with lower (<3) pituitary scores had mesenteric lipomas. Age (r = 0.51, p = 0.004) was also positively correlated with total lipoma area in both IS and IR horses. Additionally, all horses with a pituitary score ≥3 had a significantly higher BCS than those with lower pituitary scores (p = 0.0313). There was no correlation between BCS and total lipoma area or lipoma frequency.
There was no significant association between IR and adrenal corticomedullary ratio nor pituitary score and adrenal corticomedullary ratio, and no significant microscopic lesions were noted in sections of pancreas. Mild hepatocellular glycogen accumulation and/or mild lymphoplasmacytic portal hepatitis were detected in liver sections from all groups. a AQH = American Quarter Horse; NSH = National Show Horse; TWH = Tennessee Walking Horse; G = gelding; F = female; BCS = body condition score. Table 3 . Summary data for and significant differences between insulin-resistant and insulin-sensitive horses, listed as median. 
Discussion
Insulin resistance was associated with a higher BCS and higher pituitary score in the horses examined in the current study. Additionally, a higher frequency of mesenteric lipomas and a greater lipoma area were identified in IR horses. Similarly, horses with a pituitary score ≥3 (diffuse pars intermedia hyperplasia) also had a higher frequency of mesenteric lipomas. An association between increasing pituitary scores and age was also identified. Obesity is associated with increased oxidative stress in humans [19] , and increased concentrations of the acute phase protein SAA have been associated with both obesity and IR in horses [20] . Acute phase proteins are increased as part of the response to inflammatory stimuli, and therefore, obesity may also result in low-grade inflammation and oxidative stress. Oxidative stress could then lead to degeneration of dopaminergic neurons and loss of inhibition at the level of the pituitary pars intermedia [21] . Loss of dopaminergic inhibition permits hyperplasia and dysregulation of the pars intermedia [22] [23] . Obese horses might therefore be predisposed to developing PPID. Alternatively, metabolic alterations associated with pituitary disease could result in obesity. Further studies are required to clarify the relationship between pituitary lesions and obesity.
In the current study, IR was associated with higher BCS and higher pituitary scores, independent of age. Insulin resistance has been attributed to the effects of obesity-associated oxidative stress, inflammation, and increased production of pro-inflammatory cytokines on insulin sensitivity [19] [24] . Furthermore, higher insulin concentrations have been identified in horses with clinical PPID4 and those with pituitary adenomas [13] . Horses with PPID often also have increased plasma α-MSH levels, which have also been correlated with an increased BCS [14] . Unfortunately, since previous research has shown that histologic lesions in the pars intermedia do not always correlate with clinical signs [25] , and since horses in the current study did not undergo diagnostic testing for PPID, the health implications of concurrent IR and pituitary lesions require further study. The results of this study, do, however, confirm previous reports that increasing pituitary scores are correlated with increasing age [18] [20] .
In this study, IR horses were significantly more likely to have mesenteric lipomas and had significantly greater lipoma areas than did IS horses. Similarly, horses with a pituitary score ≥3 (diffuse pars intermedia hyperplasia) were significantly more likely to have mesenteric lipomas than horses with pituitary scores <3. However, since IR was also associated with higher pituitary scores, it was difficult to determine which was responsible for the increase in lipoma area.
The current study fails to identify any relationships between BCS and lipoma frequency or area. This contradicts the previously reported association between mesenteric lipomas and obesity [3] . Our findings suggest that IR horses and those with higher pituitary scores, regardless of BCS, may be more likely to have lipomas, and therefore may be more likely to develop lipoma-associated colic.
Although adrenal cortical hyperplasia is commonly associated with proliferative pituitary lesions in other species, it is uncommon in horses [10] [17] . Likewise, there was no association between pituitary score and adrenal corticomedullary ratio in the current study. Microscopic evaluation of sections of liver and pancreas from horses in all groups revealed only mild changes, which were considered normal background lesions. Alterations in glucose metabolism were not associated with microscopic lesions in the pancreas. Beta cell density and distribution were not assessed in this study.
Conclusion
An association between IR and increasing pituitary score is detected in this study, indicating that both conditions can occur concurrently. In addition, both horses with IR and those with high pituitary scores have a higher frequency of mesenteric lipomas, and these factors may increase the likelihood of lipoma-associated colic in affected horses.
